[1] Variability in sea level at the longest periods observable in modern records has recently been found to be well correlated with local atmospheric pressure. At shorter periods, however, longshore winds are known to be one of the primary mechanisms for forcing sea level variability on the eastern margins of the ocean. There is a remarkable ∼80 mm drop in mean sea level on both the eastern North Pacific and North Atlantic coasts between the late 1800s and early 1900s; it is found here to be in agreement with longshore wind forcing from the equator up to the latitude of the observed tide stations. Better-resolved data beginning in 1960 show that the delay near the annual period between wind forcing and sea level is approximately 1 month. The relative high in sea level in the late 1800s on the west coast of Europe appears to have propagated westward across the Atlantic as a long Rossby wave and then to have been seen on the east coast of the United States. Because many features in long-term sea level variability are correlated with wind forcing on time scales from annual to decades, it will be prudent to base conclusions about long-term sea level rise on the longest records available. The results here are based on forcing by longshore winds; the related issue of the extent to which open ocean wind curl may also be responsible is not addressed here, nor the extent to which coastal sea level observations are representative of the open ocean.
Introduction
[2] The long-term rise of global mean sea level is an important phenomenon, and attempts to determine the rate of this rise have resulted in a substantial literature; see, for example, the work of Cazenave and Llovel [2010] and Church et al. [2010] . A puzzling, widespread feature in many long-term sea level records is the unusual dip in sea level between the late 1800s and ∼1920. Figure 1 shows the record from Cascais, on the coast of Portugal. Few sea level records extend into the 1800s, but the dip in sea level is found in those at these latitudes that are long enough. As has been shown repeatedly [e.g., Douglas et al., 2001, chapter 3] , there is a significant difference between the computed rate of rise of sea level as determined from the full record and from the record after ∼1920.
[3] Determining the rate of global sea level rise is complicated by the ongoing Glacial Isostatic Adjustment, which causes a trend of sea level at tide gauges that is of the same order of magnitude as variations and trends due to steric and mass changes. But the lingering effects of glacial rebound have a decay time on the order of millennia, and do not affect variability at the periods of interest here; see, for example, the work of Peltier [2001] . Therefore, in the lower section of Figure 1 we show the Cascais record with the long-term trend removed. The record at San Francisco is shown in section 3.2, in our discussion of sea level on the U.S. west coast. Removal of the trend also removes any (linear) trend due to longterm sea level rise at the site; the focus of our work is the variability.
[4] The record at Cascais is emphasized here initially because it was a central issue in the work of Miller and Douglas [2007] . They showed a remarkable result: at the longest periods, the variability at many locations, as in Figure 1 , is surprisingly similar to the variability in local atmospheric pressure. (A comparison between sea level and atmospheric pressure, from the work of Douglas [2008] , is shown as Figure A1 in Appendix A.) They showed similar correlations between atmospheric pressure and sea level at Brest, France (∼48°N), and at several tide gauges on the east and west coasts of North America. While sea level is known to be affected by local atmospheric pressure (the so-called "inverted barometer effect"), the observed sea level variability in all these cases is too large by a factor of order 3-6 to be caused directly by the inverted barometer effect. We are not aware of any previously published, plausible forcing mechanism that can account for this correlation. In studies of coastal-trapped waves, it is often found that the local inverted barometer effect is not unity, where wind effects are large and there is a long coastline equatorward of the observations.
[5] Woodworth et al. [2010] have developed a much longer record for sea level at Brest. They show that the remarkable agreement between sea level and atmospheric pressure continues to be found back to 1750. The great value of the Woodworth et al. result is that periods on the order of 50 to 60 years become believable features in a record 250 years long.
[6] It has been well established [e.g., Gill and Clarke, 1974] that sea level variability on an eastern boundary is driven by longshore winds, as well as by disturbances propagating from the equator. These results, however, are based on time scales of days and the passage of frontal systems. Clarke [1977] reviewed the response at periods of a few days, via shelf waves. Bakun and Nelson [1991] discuss the seasonal variation in longshore winds and how it affects eastern boundary currents, extending the argument to longer periods. Chelton and Davis [1982] and others have shown that the variability on the eastern boundary in the longshore direction is often at large scales and can propagate great distances, so the forcing often originates at lower latitudes. Chelton and Davis showed that ENSO-related (El Nino, Southern Oscillation) coastal Kelvin waves propagate rapidly along the eastern boundary of the Pacific Ocean and appear prominently in tide gauge series there, with delays (at higher latitude) on the order of a few months. Clarke and Lebedev [1999] showed that sea level variability off California was nicely correlated with equatorial wind stress variability at periods as long as 20 years and thus is often associated with ENSO events.
[7] Frankignoul et al. [1997] modeled the response of the ocean to stochastic wind forcing to estimate the response at decadal scales. Using stochastic forcing, they found reasonably good agreement in the central Atlantic between their calculations and the spectra of observed atmospheric pressure, concluding that the time scale of Rossby wave travel across the ocean determines the baroclinic response. Using wind stress, not curl, McCreary et al. [1992] showed that, in their model, at long periods longshore winds maintain a broad current trapped against the eastern boundary. Csanady [1982, pp. 247 ] summarizes many of the basic results of the observations of wind forcing of sea level.
[8] Kolker and Hameed [2007] and others studied changes in the strength and positions of the Azores High and the Icelandic Low pressure systems that form the NAO. They found substantial trends in the individual components, leading to equivalent shifts in the wind systems and their effects. These were then shown to be well correlated with sea level variations at major coastal tide gauge stations. These authors went on to conclude that estimates of 20th century global sea level rise are biased upward by possibly ∼1 mm per year. If this is so, it is an important result, because satellite measurements of global sea level rise that began in 1992 would then be up to about 3 times the mean 20th century rate previously derived from tide gauges, implying a huge increase in global sea level rise beginning in the late 20th century. Price and Magaard [1986] found that sea level fluctuations on the west coast of the United States propagate across the ocean as long Rossby waves and are coherent with sea level fluctuations at Hawaii; again in 1986 they showed similar results in the Atlantic.
[9] Sturges and Hong [1995] , Hong et al. [2000] , and related papers showed that variability in wind curl over the open ocean, on scales of a few hundred km N-S, forces Rossby waves in the interior that generate sea level variability in midocean (e.g., at Bermuda) and on the western sides of the ocean at the periods of interest here. These waves, however, are locally wind forced; the waves associated with sea level variations on the west coasts are free waves and must be sufficiently large to propagate across the ocean without being lost in the background of ocean noise.
[10] In addition to the correlations of sea level with atmospheric pressure, Miller and Douglas [2007] found that the sea level variations at a collection of stations on the east coast of North America lag sea level on the west coast of Europe by time scales consistent with the propagation of long Rossby waves across the Atlantic. We computed the phase shift between Cascais and New York (both at the same latitude) for our present study and found a delay of ∼6 years at the longest periods in the record. This issue is not central to our study, so these results are shown as Figures A2 and A3 in Appendix A. Such delays support the idea advanced by Miller and Douglas that the large, long-period perturbations are initiated on the eastern side of the ocean.
[11] The primary purpose of this paper is to ask whether longshore winds can indeed be a plausible forcing mechanism at these long periods. It is wind stress, to be sure, that is the fundamental forcing mechanism that puts momentum into the sea surface. It turns out, however, that wind speed to a power not much greater than one is the appropriate variable at lower frequencies [e.g., Cragg et al., 1983] . In many cases where a frictional response is important, the square law drag equations are appropriate only at high frequencies; for lower-frequency phenomena, as here, observations are consistent with a linear frictional response. This linear effect is observed in many situations [e.g., Csanady, 1982] (see also the citations of Clarke, etc.) and will not be the focus of our work, other than to point out that wind, not wind stress, is used here as the primary forcing variable. Rooth [1972] showed that bottom friction at long time scales leads to a linear drag law. He focused on deep-ocean currents, but the effect at the bottom of the atmosphere is physically similar.
[12] The effects of longshore winds on sea level at the coast have been studied extensively. If winds along the coast blow toward the north, a net near-surface flow to the east is forced in the surface Ekman layer. The accumulation of water at the coast leads to high sea level that appears in tide gauge data. Haynes and Barton [1990] have shown that a poleward flow along the coast of Portugal is observed when the generally southward-flowing winds relax or reverse. Such flows are consistent with the ideas of flow associated with longshore winds.
[13] We have focused our study here on forcing by longshore winds. At long periods, winds along the coast are associated with large-scale atmospheric fluctuations. Separating the effects of longshore winds from the larger-scale forcing by wind stress curl is a closely related subject that we have chosen, for simplicity, not to deal with here. As one example, Curry and McCartney [2001] have shown that large-scale atmospheric forcing can change the density structure of the ocean at periods similar to those dealt with here. This and another related issue, the variability in the longshore pressure gradient, which changes as the longshore flow varies, are clearly important and are not treated here. ) between the equator and Cascais for the decade prior to the time of high sea level, ∼1890, and low sea level, ∼1920. The horizontal axis is distance along the coast, from 40°N to 5°N it is latitude; between 5°N and the equator the scale is longshore distance in units of 5°of latitude. in 1855. As mentioned earlier, Woodworth et al. [2010] have uncovered data at Brest as far back as 1750, but the primary data at PSML extend only to 1807. The open ocean wind database is maintained at the NOAA-ICOADS web site, http://www.icoads.noaa.gov. Monthly mean winds for the longest records are available in 2°× 2°blocks. The data become more and more sparse during the World Wars and as the time extends before the 1900s.
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Results
The Eastern North Atlantic
[15] We first describe calculations that gave a negative result: using local longshore winds. Because the winds that force the largest response in sea level at the coast are those near the coast, particularly over the shallow waters of the continental shelf, we selected four 2°× 2°blocks nearest and along the coast of Portugal. The coherence between the longshore winds and sea level at Cascais, however, is below any reasonable confidence limit at all frequencies. In comparisons between wind and sea level at higher frequencies, it is usual to adjust for the inverted barometer (IB) effect, but this adjustment made no change in the results. It is commonly found that the IB adjustment is effective at high frequencies but not at lower.
[16] The reason for the lack of coherence is that winds all along the coast have a cumulative effect. So we examined the effects of longshore winds from the equator up to Cascais, at ∼39°N. The largest observed effect is the prominent high in the late 1800s followed by the low in the early 1900s. We obtained the wind patterns for the U and V components for the two intervals from the ICOADS web pages.
[17] The first major result of this work appears in Figure 2 , which shows the longshore component of winds, determined from the winds of the decades prior to the high of 1890 and the low of 1920 shown in Figure 1 . In an attempt to avoid areas of spurious data, we determined the wind values from contoured maps of wind over the eastern Atlantic. For simplicity, the winds along the E-W section of the coast between 5°N and the equator in Figure 2 have been averaged. When sea level is high (∼1890), the longshore winds are consistently stronger toward the north, or weaker to the south. While we do not have a reliable estimate of the uncertainty in the values, the differences are as large as 2-3 m/s and appear to be significant.
[18] Figure 1 shows two highs followed by two lows. The more recent high-low combination, beginning with the high interval of ∼1965, occurs during a time of much better data availability. Figure 3 shows the second major result of this work: monthly values of longshore winds, integrated from the equator up to the latitude of Cascais, together with observed sea level. The agreement is striking; the higherfrequency variability is largely at the annual period. The phase delay between wind and sea level, obtained from cross spectra (not shown), is 1 month at the annual period, as can be seen from examining Figure 3 . Normally it is questionable practice to compute cross spectra between processes at a specific, forced frequency; here however we are concerned with phase, not coherence, at 12 months. This portion of the record is not long enough to compute meaningful coherence at the longer periods of interest.
[19] The phase delay of 1 month, with the winds leading, is plausible. On the U.S. west coast, free coastal waves are observed to propagate at ∼40 cm/s [Chelton and Davis, 1982] to ∼75 cm/s [Enfield and Allen, 1980] . At these speeds the travel time from the equator to Cascais would be ∼4 months. Here, however, the wave travel is forced, and in large part will travel from locations much closer than the equator.
[20] The dip in sea level beginning in the late 1960s in Figure 3 is accompanied closely by the equivalent increase in (negative) winds to the south. The close agreement between sea level and the wind forcing supports the conclusion based on Figure 2 that longshore wind is a major forcing function for many (but surely not all) of these large changes in sea level. During times of stronger winds to the south, sea level is low, and conversely. It is doubtful, however, whether such a relatively short record can give significant information concerning phase shifts at lower frequencies.
[21] It would be desirable to extend the comparison in Figure 3 to earlier times. As might be expected, as the data are examined for earlier times, we find that the sampling rate is much less often as the World Wars intervene; the yearto-year variability in the data becomes prohibitively large. Whether the greatly increased noise level is the result of inadequate sampling or other physical processes requires further study; we are investigating better error-suppressing methods to improve the comparisons.
The Eastern North Pacific
[22] Figure 4 shows sea level at San Francisco (∼38°N). We first compared sea level with local alongshore winds, similarly to the comparison at Cascais. Coherence between sea level and local longshore winds was negligible, as we found on the eastern margin of the Atlantic. The sea level record contains large pulses from ENSO events; they are at sufficiently different frequencies to be ignored for the purpose at hand. Therefore, as for the coast of Europe, we selected winds (from maps of the eastern Pacific) for the times for high and low sea levels analogous to the results in Figure 2 . Figure 5 shows the third essential result of this work; as on the western coast of Europe, during times of higher sea level, the [23] The winds chosen for these comparisons were originally for the decade prior to the times of the peak and trough of sea level. Because the peak-to-peak fluctuations in the data are so large, we also chose intervals twice as long and centered on the peak and trough. The result is shown Figure 5 . As mentioned earlier, it would be desirable to have a continuous, reliable time series of the cumulative wind difference going back into the 1800s but that is prohibitively challenging with the older data.
Discussion and Conclusions
[24] The purpose of this work was to understand the cause of the large drops in sea level in the late 1800s. A major clue to our study was the remarkable agreement between sea level and atmospheric pressure. We began with the basic premise that sea level on the eastern side of the ocean is forced by signals propagating from the equator and by longshore winds. The conclusion we draw is clear: much of variability in sea level at Cascais and San Francisco is consistent with variability in longshore wind forcing.
[25] The large drop in sea level starting in the late 1800s is found in almost all sufficiently long sea level data at these latitudes. Miller and Douglas showed that the agreement between sea level and atmospheric pressure at these long periods is present at many locations. For this reason we surmise that the decrease in sea level after ∼1880 is caused by shifts in the large-scale pattern of wind forcing. Our examination of the appropriate atmospheric pressure maps shows fairly small changes; substantiating this speculative conclusion requires further work.
[26] The direct cause of the large drop in sea level on the west coast of Europe after 1880 is thus found on the eastern side of the ocean; the resulting variation propagates as long Rossby waves, to be seen on the east coast of the United States [see, e.g., Hong et al., 2000] . This conclusion is consistent with the travel of long Rossby waves having periods of the order of 5 years, but the details of this mechanism are not explored (nor proven) here. Presumably only the largest of such waves can travel across the ocean as free waves without decaying into the noisy background.
[27] It is important to emphasize that these sea level variations (as at Cascais, etc.) at periods the order of a year are, presumably, the result of a class of waves loosely called coastal trapped waves. Because they are found along a relatively narrow coastal band, the variability at the coast does not necessarily represent the larger-scale fluctuations in the open ocean. The transition from a purely coastal effect to one that represents more of the open ocean may take place at much longer periods but, from these data, we have not been able to explore this question. There are many interesting questions related to this, to investigate more closely, such as What sections of the coast are primarily responsible for the forcing found here, but these are beyond the scope of this paper.
[28] Figure 6 shows the pattern of the mean atmospheric pressure on the eastern side of the Atlantic. The striking feature of this pattern is the large scale in the N-S direction. Thus, low-frequency shifts in the large-scale atmospheric pressure pattern and the corresponding shifts in winds will be coherent over very large scales. We suspect, but have not shown, that such shifts lead to the agreement between atmospheric pressure, winds, and sea level.
[29] We conclude that much of the variability shown in Figures 1, 3, and 4 , is the effect of large-scale shifts in atmospheric forcing. Whether the cause is strictly longshore winds or also involves the wind stress curl over the eastern ocean remains to be explored. The specific effects of local vertical land movements, addition of meltwater, steric and other effects appear to be small in comparison with the sea level variability at these scales and are not treated here.
[30] The record at Cascais is roughly 100 years long. As noted previously, Woodworth et al. [2010] assembled a record twice that long at Brest, France. It is instructive to examine the variability of this longer record, which is shown in the over-resolved spectrum of Figure 7 . The spectrum shows a substantial amount of variability at periods as long as can be found in the record. There is no statistical reliability, of course, for the power at ∼100 years and longer, but we see that, as at Cascais, there is power at the order of 60 years and longer. The great advantage of satellite altimetry is its vastly better global coverage, which is lacking here. Yet the remarkably long length of the tide gauge records is indispensable. Therefore when discussing issues of sea level rise it seems essential to recognize that much of the long-period variability can be wind-driven.
[31] Very long records of sea level are rare and very useful. An anonymous reviewer points out that Circular (08/07/2009) has been sent from the International Hydrographic Organization to their member states, asking them to further digitize their historic tide gauge records and to submit the data to PSMSL. We heartily endorse this suggestion.
[32] In conclusion, we emphasize that the fluctuations in sea level, from periods of a year out to decades, are found here consistent with fluctuations in wind forcing. If indeed this is the primary forcing mechanism, there would seem to be no basis for assuming that the change in sea level rise from the late 1800s to the early 1900s arose from reasons other than the change in winds. Similarly there is no justification for Figure 7 . Power spectrum of the long sea level record at Brest, France. The calculation is "overresolved" by computing the Fourier frequencies as if the record were 3 times as long, then smoothing with five Hanning passes.
separating the global rate of rise of sea level after ∼1920 from the rate of rise over the full record. For this reason it is essential to estimate the long-term rate of rise of sea level from the longest records available and with an understanding that variability at periods of decades is associated with variability in atmospheric forcing.
Appendix A: Supplemental Results and Figures
[33] Figure A1 shows a comparison between atmospheric pressure and sea level at San Francisco, based on the results of Douglas [2008] . [34] Figure A2 shows a comparison between sea level at Cascais and New York. Neither record is delayed here. The phase shift between them, at the longest periods, appears, by eye, to be roughly 5 to 7 years. Figure A3 shows the results of (over-resolved) calculations of the phase at various delays.
[35] Delaying one signal relative to the other to achieve higher coherence is a well-known technique in signal processing; the minimum phase delay is found here in the order of ∼6 years. Note that the (energy) travel time across the ocean, of order 6 years, is consistent with the travel time of long Rossby waves. The ∼50 year period of the fluctuations in sea level has nothing to do with Rossby waves but is the time between wind-driven events. We assume that these features at Cascais propagate across and are observed at New York; while this is consistent with Rossby wave behavior, we have certainly not proved it.
[36] Ambiguity arises from the fact that the low-frequency power is not narrow band, so the result is shown for two separate frequencies at which the coherence is reasonably high. The usual interpretation is that the "true" phase shift is found when the computed shift approaches zero for the introduced delay. While the records appear coherent based on the sea level highs at ∼1900 and 1955-1960 , there is no feature in the Cascais record that mimics the high at New York in ∼1920, which (one can speculate) presumably results from open ocean forcing or from coastal winds north of New York. Figure A3 . The phase shift between the Cascais and New York sea levels, at two frequencies, as a function of the delay introduced into the New York data.
